Stratospheric aerosols originating from Mt. Pinatubo (15.14oN, 120.35oE), which erupted violently on June 15, 1991, were observed by lidar at Naha (26.2oN, 127.7oE) on Okinawa Island. Aerosols had already reached Okinawa by mid September 1991, the start point of this observation series. The altitude range of the aerosol layer is from just above the tropopause to about 30km. The total amount of aerosols began to increase in mid November corresponding to the appearance of layers at higher altitude, in the 30 to 33km region, and maximum backscattering ratio 23.1 was observed at 25.8km altitude on December 4, 1991. Depolarization ratio observations demonstrated that there were not only volcanic ash particles present but also spherical particles, probably sulphate droplets, from the start of this observation series. The highly depolarized region was observed on lower side of the layer and lower depolarization on the higher side. The depolarization ratio reached a peak value of 0.22 at about 16.4km on November 18, 1991, and has gradually decreased since.
Introduction
The Mt. Pinatubo valcano located on the Luzon Island, Philippines, erupted violently on June 15, 1991. The volcanic eruption injected large amounts of volcanic ash, SO2 and 1120 into the stratosphere to altitudes exceeding 30km observed by the NOAA-11 satellite and this is considered one of biggest volcanic eruptions in this century (Smithsonian Institution, 1991) . Stratospheric volcanic clouds spreading from this volcano were observed by an airborne lidar over the Caribbean Sea (Winker and Osborne, 1992) , by the TOMS experiment on board the Nimbus-7 satellite (Bluth et al., 1992) , SAGE II satellite (McCormick and Veiga,1992) and AVHRR on NOAA-11 satellite (Stowe et al., 1992) . Grandiose volcanic eruptions of Pinatubo's magnitude seriously influence the atmosphere and cause many climatic effects on a global scale. There had been many impacts on radiation, atmospheric temperature and stratospheric ozone after some of the large volcanic eruptions in the past such as Mt. Agung (1963) , Mt. Fuego (1974) and Mt. El Chichon (1982) (Quiroz, 1983; Wendler, 1984; Hofmann, 1987; Angell and Korshover, 1984) . The main cause of this volcanic influence is through the stratospheric aerosol, that can remain resident in the stratosphere for a sufficiently long time to change the climate and other meteorological conditions. Consequently it is very important to monitor the stratospheric aerosol layer on as large a scale as possible and for as long as possible. Lidars are very useful instruments for observing the stratospheric aerosol layer. The technology is now sufficiently advanced for this technique to provide reliable observations over a long period of time. Some ground-based lidar observations of Mt. Pinatubo aerosols have been reported (DeFoor et al., 1992; Jager, 1992; Post et al., 1992) . Unfortunately, the present set of lidar observation sites does not seem to be sufficient to understand the behavior of stratospheric layer on a global scale and supply sufficient data for other meteorological studies such as of (c) 1993, Meteorological Society of Japan the radiative transfer process, temperature change and ozone depletion. In this regard, we hurridedly developed another lidar observational site at Naha on Okinawa Island to observe stratospheric aerosols and link these observations with those made at Tsukuba (36.1oN, 140.1oE) . This Naha station is valuable since there are no lidar observation sites in this latitudinal zone and it is much nearer Mt. Pinatubo itself. There is an especial advantage in linking Naha with Tsukuba as this allows a study of transport mechanisms in the stratosphere. In general, it is believed that stratospheric aerosols are confined to a low latitudinal zone near the equator in the Summer season and they begin to spread to higher latitudes as the stratospheric wind field changes in Autumn. Observations at the new station at Naha were started just in the time to observe this effect and the observation series is continuing. The data taken at this station are expected to provide useful information on atmospheric dynamics. The study of Pinatubo aerosols can therefore be thought of as a natural diffusion experiment in the Earth's atmpsphere.
The lidar system and data processing
The lidar system used in this observation is composed of a compact Nd: YAG laser as a transmitter and a Schmidt Cassegrain telescope equipped with a photomultiplier tube with an electrical cooler and a photon counter as the receiver. The wavelength transmitted is the second harmonics of Nd: YAG laser at 532 nm. The schematic of the system is shown in Fig. l and the characteristics of the system are summarized in Table 1 . Using this system, the vertical profile of aerosols from about 7 to 40 km altitude range, as well as the depolarization ratio, can be observed.
The system was designed so that each component such as laser, mirror, telescope and measuring system could be set individually so as to minimize construction time and physical space requirements. In the initial configuration, an optical alignment adjustment was required before starting each observa- Lion. However, since October 10, 1992, a new system has been installed where all the optical components are rigidly mounted on an optical bench and the whole system is covered with a sliding roof. Before both systems were transported to Okinawa, intercomparison between these new systems and Meteorological Reasearch Institute systems at Tuskuba had been performed to check system performance. Very consistent results were obtained despite the compact nature of the new system. A vertical bin size of 96 m and 5-bin running means are operated on the raw data so that the overall range resolution is 480 m. The raw data were converted to backscattering coefficients using the algorithm by Fernald (1984) . The ratio of the extinction coefficient to the backscattering coefficient was assumed to be 40str. A scattering ratio R(z) is defined as where Ba(z) and Bm(z) are the backscattering coefficients of aerosols and atmospheric molecules, respectively. Bm(z) is calculated from rawinsonde data obtained from the Okinawa Weather Station.
To calculate the depolarization ratio for the aerosol particles, the raw depolarization ratio DP(z) has to be corrected, since the backscattering from the atmospheric molecules is non-negligible. The raw depolarization ratio DP(z) defined as where Ps(z) and Pp(z) are the signals from perpendicular and parallel channels, respectively. The formula to calculate a depolarization ratio for the aerosols from the raw repolarization ratio is given by where DPa(z) and DPm are the depolarization ratios of aerosol particles and atmospheric molecules, respectively. DPm was determined by the raw depolarization ratio in an aerosol-free altitude range and was usually about 0.01.
Observational results
Aerosol lidar observations have been performed at Naha since September 19, 1991. The vertical profiles of the backscattering ratio of aerosols are shown in Fig. 2 . Stratospheric aerosols from Mt. Pinatubo had already reached Okinawa by the beginning of this observation period. This was expected since stratospheric aerosols had already reached Tsukuba on June 28, 1991, only 2 weeks after the eruption (Uchino et al., 1993) . The lowest side of stratospheric aerosol layer was observed just above the tropopause and it extended to almost 30km altitude at the beginning of the observation series.
A layer between 30 and 33km appeared on November 18, 1991 and a more significant one on Novermber 22, 1991. A similar layer was also observed over Tsukuba several days after its appearance over Okinawa. From September 1991 to March 1992, the altitude range of the aerosols was spreading to upper side of about 30km. In the earlier part of our observation series, especially from September to December 1991, the shapes of the layer were more complicated and varied more with time than later in the series. For example, a multi-layered structure can be seen at all altitude ranges on September 19, 1991, and between 25 and 31km on November 18, 1991. With regard to time variation, significant changes in the layer between 25 and 32km can be seen between observations on December 2, 4 and 9, 1991.
The integrated backscattering coefficient (IBC) of stratospheric aerosols is plotted in Fig. 3 . The integration range is from the tropopause to 33km except for September 19, 1991, since obvious cirrus cloud could be seen over the tropopause so that the range is from upper edge of the cirrus cloud to 33 km on the specified day. The IBC began to increase in mid November, 1991 with the arrival of the first layer above 30km. This increase could be due to a change in the wind field in stratosphere. The maximum value of the IBC of 5.4X10-3str-1 was measured on November 18, 1991. The maximum backscattering ratio of 23.1 was measured some 2 weeks later, on December 4, 1991, at an altitude of 25.8km. After that time the IBC once again returned to the value seen at the beginning of the observation series at Naha, even though the IBC was still enhanced albeit with somewhat larger fluctuations at Tusukuba in December 1991. However, the IBC increased again in February 1992 and began to decrease gradually. These phenomena are a reflection of the transportation processes of aerosols from the low-latitude zone to higher latitudes.
The observed depolarization ratio profiles for the aerosols are shown in Fig. 4 . The observations were made for the two polarization components in sequence, that is P-Component, S-Component, PComponent, ..., P-Component, since we only used a single-channel photon counter, and therefore data were only obtained under fine and stable weather conditons without many clouds. The depolarized backscatter by the atmospheric molecules was subtracted from the raw depolarization ratio, as described in the former section.
Comparing the profile of the scattering ratio and Fig. 2 . Backscattering ratio profiles observed at Naha from mid September 1991 to November 1992. The stratospheric aerosol layer is observed just above the tropopause and extends to about 30km. The sharp peaks under the tropopause are due to cirrus clouds.
depolarization ratio for aerosols, the layer having the higher depolarization ratio can be seen in the lower side of the aerosol layer during the whole observation period. The peak value of the depolarization ratio of 0.22 was observed on November 18, 1991 at 16.4km. The depolarization ratio refects the shape of the scattering objects and its value is higher when the radiation is scattered by particles that are less spherical and/or have a rough surface. These results show that the irregular particles were in the lower part of the aerosol layer and spherical particles were more in the upper part of the layers. The non-spherical particles can be considered as primitive volcanic ash while the spherical particles could possibly be liquid sulfate particules. These are expected to be spherical and are made from SO2 through chemical reactions. On September 19 and October 10, 1991, a significant peak in the depolarization ratio appeared at over 20km. No other similar peak was found after that time. This implies that primitive volcanic ash above 20km was present only during the early part of our observation and such particules disappeared through gravitational settling and/or chemical reactions.
In addition, the time variation of the peak altitude of the scattering ratio is shown in Fig. 5 . The peak altitude was around approximately 23km, except for the one exceptional observation on December 4, 1991, which can be seen as the strange profile in Fig. 2 . In general, the altitude of the peak scattering ratio decreases slowly with time. This decrease results from not only gravitational settling but also vertical motion in the atmosphere.
Concluding remarks
The new lidar station was established urgently at Naha and monitoring of the stratospheric aerosol layer has been executed since mid September 1991. The total amount of aerosols increased until late November then returned to the previous level. In February 1992, the aerosols increased again and decreased again afterward. The timing of the first increase was earlier than that seen over Tsukuba. The aerosol layer extended from just above the tropopause to about 30km at the beginning of the observation at Naha, and a layer above 30km also appeared in mid November 1991. Just after this appearance of the higher layer, a smilar layer above 30km was also observed at Tsukuba. This phenomenon reflects one of the transportation processes in the stratosphere. Through the observation of the depolarization ratio, the primitive volcanic ash particles were identified in the lowest part of the aerosol layer and the maximum height of these of the volcanic ash particles moved down gradually with time. These depolarization measurement also showed that spherical sulfate particles were in the aerosol layer from the beginning of the observation period and the time variation and spatial distribution of the layer give some information about chemical reactions in stratosphere. 
